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Abstract 
 
TiO2 (anatase) nanoparticles of ca. 6-10 nm diameter are adsorbed from acidic 
aqueous solution onto polycrystalline industrially polished boron-doped diamond 
electrode surfaces. After immobilisation at the electrode surface, TiO2 nanoparticles 
are imaged in vacuum by electron microscopy (FEGSEM) and when immersed in a 
liquid film of aqueous 12 M LiCl by in situ scanning tunnelling microscopy (STM). 
Mono-layer films of TiO2 particles are studied voltammetrically in different 
electrolyte media. 
 
Boron-doped diamond as an inert substrate material allows the reduction of TiO2 
particles in phosphate buffer solution to be studied and two distinct steps in the 
reduction - protonation process are identified: (i) a broad reduction signal associated 
with the binding of an outer layer of protons and (ii) a sharper second reduction signal 
associated with the binding of an inner (or deeper) layer of protons. Voltammetric 
experiments in aqueous 0.1 M NaClO4 with variable amounts of HClO4 suggest that 
the reduction of TiO2 particles is consistent with the formation of Ti(III) surface sites 
and accompanied by the adsorption of protons. Saturation occurs and the total amount 
of surface sites can be determined. Preliminary data for electron transfer processes at 
the reduced TiO2 surface such as the dihydrogen evolution process and the 2 electron 
- 2 proton reduction of maleic acid to succinic acid are discussed. 
 
Keywords: TiO2, anatase, nanoparticle, assembly, adsorption, boron-doped diamond, 
surface electrochemistry, voltammetry, hydrogen evolution, electrocatalysis. 
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1. Introduction 
Titanium dioxide, TiO2, is a versatile material with a wide range of uses for pigment 
[1] to photocatalyst [2] and to dimensionally stable electrode [3] applications. The 
surface chemistry has been carefully studied at polycrystalline and at single crystal 
surfaces [4]. TiO2 has been studied extensively usually in the form of thin meso- or 
microporous films at inert electrodes [5], at titanium surfaces [6,7,8], but also in the 
form of single crystals [9,10].  
 
The electrochemical properties of mesoporous films of TiO2 have been intensely 
studied [11,12,13,14] and recently models have been developed [15] to describe the 
capacitive and reactive properties of nanoporous semiconducting TiO2. However, 
relatively little is known about the behaviour of individual TiO2 nanoparticles or 
ensembles of TiO2 nanoparticles assembled into a mono-layer. It is shown here that 
electrochemical experiments with mono-layer deposits of TiO2 can be readily 
conducted and provide data complementary to results from thick film and single 
crystal experiments. When immobilized into a mono-layer of nanoparticles, TiO2 
shows features similar to those of polyoxometalate redox systems [16] with surface 
site reduction (here Ti(IV/III)) and protonation. Experiments were conducted at 
boron-doped diamond substrates. 
 
Boron-doped diamond [17] as an inert electrode material has found a wide range of 
applications in electroanalysis [18], electrosynthesis [19], and waste treatment [20]. 
The chemically inert diamond surface combined with a wide accessible potential 
window and low background current make boron-doped diamond an ideal substrate 
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material for the immobilisation of sensor probes [21] and for the study of materials 
which are otherwise not or only very difficult to study. Various types of nanoparticles 
(gold [22,23], platinum [24] and other metals [25], hydrous iron oxide [26], 
ruthenium oxide [27], and iridium oxide [28]) have previously been immobilised at 
boron-doped diamond surfaces and investigated with voltammetric techniques. 
 
In this preliminary report, experiments are described in which titanium dioxide, TiO2 
(anatase), nanoparticles are adsorbed onto the surface of a polycrystalline boron-
doped diamond electrode (industrially polished to mirror finish) and studied in 
aqueous solution environments. STM imaging demonstrates the presence of a 
homogeneous film deposit and the reduction response for the TiO2 nanoparticles is 
proposed to be associated with the formation of surface Ti(III) and accompanied by 
the adsorption of protons. Two distinct types of sites for the reduction process 
associated with proton adsorption are observed. 
 
 
2. Experimental 
2.1. Chemical Reagents 
LiCl, phytic acid (myo-inositol hexakis(dihydrogen phosphate) dodecasodium salt), 
maleic acid, NaClO4, HClO4 (70% in water), K2HPO4, KH2PO4, were obtained 
commercially (Aldrich) and used without further purification. Demineralised and 
filtered water was taken from an Elga water purification system (Elga, High 
Wycombe, Bucks) with a resistivity of not less than 18 MOhm cm. Titania (anatase) 
sol (30-35 % in aqueous HNO3, pH 0 to 1, TKS-202) was obtained from Tayca Corp., 
Osaka, Japan, and diluted tenfold with water prior to use.  
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2.2. Instrumentation 
Electrochemical experiments were conducted with a PGSTAT 30 Autolab system 
(Eco Chemie, Netherlands) in a 50 mL three-electrode cell. The counter electrode was 
a platinum gauze, the reference electrode was a saturated Calomel electrode (SCE, 
Radiometer). Polycrystalline boron-doped diamond with mirror-finish polish (mineral 
acid treated, doping level ca. 1021 cm-3, Windsor Scientific, Slough, UK) was obtained 
in the form of plates (5 mm × 5 mm × 0.6 mm) for electrochemical experiments 
(mounted with silver epoxy back contact in epoxy) and in the form of 3 mm diameter 
disks (for STM and FEGSEM experiments). The aqueous solution was thoroughly de-
aerated with argon (BOC) prior to conducting experiments. Experiments were 
conducted at 22 ± 2 oC. 
 
For Field Emission Gun Scanning Electron Microscopy (FEGSEM) a Leo 1530 
system was used. Samples were prepared by scratching and gold sputter coating prior 
to analysis. Scanning tunnelling microscopy images were obtained with a Nanosurf 
EasyScan System (Windsor Scientific, Slough, UK) with a Pt-Ir tip and conventional 
scan settings (512 points per line, 10 Hz). For good images to be obtained, the sample 
was covered with a thin film of aqueous ca. 12 M LiCl (equilibrated in air). 
 
3. Results and Discussion 
3.1. Adsorption of TiO2 Nanoparticles onto Boron-Doped Diamond Surfaces 
Boron-doped diamond surfaces after treatment with mineral acids have oxygen 
functionalised surfaces and allow some types of positively charged colloids to readily 
adsorb. It has been shown recently that boron-doped diamond allows nanoparticulate 
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oxides such as hydrous iron oxide [26] and ruthenium oxide [27], to be adsorbed onto 
the surface in the form of a very thin layer. This configuration with an inert and 
geometrically well-defined boron-doped diamond surface substrate (see Scheme 1) 
allows the electrochemical properties of the nanoparticle deposits to be studied and 
potential distribution effects within the oxide layer or within the pores of the oxide to 
be minimised. 
 
Figure 1 shows a FEGSEM image of a boron-doped diamond surface modified with a 
layer of TiO2 nanoparticles adsorbed onto the electrode surface from an aqueous 3% 
solution. The diamond is flat and featureless and the TiO2 nanoparticles appear in the 
form of aggregates of 10 – 40 nm diameter. In the lower part of the micrograph, the 
particles have been removed by scratching with a scalpel blade. The presence of the 
homogeneous nanoparticle layer is confirmed by in situ liquid environment (aqueous 
ca. 12 M LiCl) STM imaging (see Figure 2). A clean boron-doped diamond surface 
appears to have a roughness of less than 1 nm peak-to-peak. After adsorption of the 
TiO2 nanoparticles, the film deposit can be clearly seen again with aggregates of 
typically 10-40 nm diameter. 
 
3.2. Surface Electrochemistry of TiO2 Nanoparticles at Boron-doped Diamond 
Electrode Surfaces 
The voltammetric response from a polished boron-doped diamond electrode 
immersed in aqueous 0.1 M phosphate buffer at pH 7 between +0.5 V vs. SCE and –
1.8 V vs. SCE is featureless and consistent with a clean background (not shown). 
After adsorption of a TiO2 monolayer a new reduction response is detected 
commencing at a potential of –0.8 V vs. SCE. The shape of this voltammetric 
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response (see Figure 3Ai) is characteristic for TiO2 thin films and has been explained 
in terms of sequential filling electronic states within the oxide [15]. For TiO2 films 
more extended than a mono-layer, this voltammetric response is dominating the 
overall behaviour. However, for the mono-layer deposit new features can be observed. 
 
Scanning the potential more negative allows a new peak feature to be observed, which 
is less broad than the first reduction signal. After reversal of the scan direction (see 
Figure 3Aii) two peak features are observed also during oxidation. Scanning the 
potential further into the negative potential range causes the oxidation peak to shift 
positively and a shoulder towards even more positive potentials develops. It is likely 
that the shift in the oxidation peak potential is associated with a change in the proton 
binding at the TiO2 surface. 
 
In order to explore the involvement of protons in the TiO2 reduction and re-oxidation 
processes, voltammetric experiments were conducted in unbuffered aqueous 0.1 M 
NaClO4 with small concentrations of protons. Under these conditions a similar set of 
voltammetric responses is observed (see Figure 3B) and the two reduction peaks are 
again observed. Both, the first and the second reduction signal are highly symmetric 
(consistent with the presence of reversible surface states) and only when the potential 
is scanned into more negative potentials, a shift of the oxidation peak occurs 
(probably associated with a gradual structural re-arrangement at the surface). Perhaps 
surprisingly, reducing the concentration of protons from 1 mM to 0.5 mM and finally 
to 0.1 mM (see Figures 3B, C, and D, respectively) causes the second reduction peak 
to disappear and the first reduction peak to become smaller. This behaviour is 
consistent with a proton depletion effect within the aqueous solution phase and proves 
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the direct involvement of protons in the reduction process. The Randles Sevcik 
equation [29] (equation 1) allows the current peak for mass transport controlled 
depletion of protons to be calculated. 
 
RT
nFvDcAFnI p 446.0−=                                                                   (1) 
 
In this equation the peak current for the reduction, Ip, is expressed in terms of n=1, the 
number of electrons transferred per proton, F, the Faraday constant, A=2.5 × 10-5 m2, 
the geometric electrode area, v=0.1 Vs-1, the scan rate, D=1 × 10-8 m2s-1, the 
approximate diffusion coefficient for protons, R, the gas constant, and T, the absolute 
temperature. The calculated peak current for a proton concentration of 0.1 mM is 
Ip=21 × 10-6 A consistent with the voltammetric results (see Figure 3D). Therefore, 
proton adsorption occurs and the two reduction peaks may be attributed to two 
distinct binding sites for protons in the vicinity of Ti(III) sites. A schematic drawing 
(see Scheme 2) is illustrating this situation. The total number of binding sites can be 
estimated from the charge under the voltammetric response as ca. 150 µC for both Ha 
and Hb. Taking into account the amount of TiO2 particles on the boron-doped 
diamond surface (see Figure 1, ca. 1012 particles on 5 mm × 5 mm) this suggests ca. 
1000 electrons per 6 nm diameter TiO2 particle, consistent with a surface process 
(there are approximately 3300 Ti atoms per 6 nm diameter anatase particle). 
 
It is interesting to explore the kinetic effects coupled to proton binding at the TiO2 
surface. At a sufficiently slow scan rate, the reduction process becomes chemically 
irreversible (see Figure 3D) and proton reduction to dihydrogen has been suggested in 
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the literature [30,31]. The oxidation response is diminished at a scan rate of 
approximately vtransition = 0.5 V s-1 and the rate constant for the surface process can be 
estimated as 
RT
vFAk transitiontotal=  =  2 × 10-3 m2s-1 (with Atotal ≈ 10-4 m2). However, in 
the presence of a higher concentration of protons, when the second reduction process 
occurs, the voltammetric response becomes more reversible and the dihydrogen 
evolution process is apparently suppressed. The peak-shape of the second reduction 
process suggests a process ‘deeper’ within the surface (see Hb) and it may be 
speculated that this will reduce the availability of electrons for the two-electron 
reduction of protons to dihydrogen at sites denoted Ha (see Scheme 2). One possible 
implication of this observation is that small quantities of fully reduced TiO2 
nanoparticles will behave chemically different when compared to thicker layer of 
mesoporous TiO2. 
 
3.3. Electron Transfer Processes at TiO2 Nanoparticles Adsorped onto Boron-
Doped Diamond Electrode Surfaces 
The availability of electrons within the TiO2 particles and the availability of binding 
sites at the TiO2 surface poses the question whether selective reduction processes can 
be driven electrochemically at the TiO2 surface in the presence of the inert boron-
doped diamond electrode surface. Electrochemical reduction processes at TiO2 
electrodes have been well studied [32] and it has recently been reported that olefins 
with carboxylate group, such as maleic acid [33], can be reduced electrocatalytically 
at TiO2 electrodes. This report is confirmed here for the case of a single layer of TiO2 
nanoparticles. 
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Figure 3E shows the effect of adding maleic acid (ca. 1 mM) into an aqueous solution 
of 0.1 NaClO4 and 1 mM HClO4. A new chemically irreversible reduction response is 
observed at –0.8 V vs. SCE consistent with the potential for the first reduction of the 
TiO2 surface. This process is not observed at a polished boron-doped diamond 
electrode (not shown and therefore entirely due to the presence of TiO2 as 
‘electrocatalyst’. The peak current, Ip = 130 µA (see Figure 3E), is consistent with a 2 
electron 2 proton reduction of maleic acid to succinic acid (using equation 1). Finally, 
addition of a competitive binder, here phytic acid (see Figure 3Eii), reduces the 
current for the electrocatalytic reduction process and possibly introduces a novel way 
of controlling reactivity and selectivity at the TiO2 surface.  
 
There are several beneficial features of employing mono-layers or well-defined 
amounts of titanium dioxide electrocatalyst nanoparticles immobilised at boron-doped 
diamond electrodes. With thick film TiO2 electrodes, dihydrogen evolution can occur 
in competition to other beneficial reduction processes, but at thin film TiO2 electrodes 
and at sufficiently negative potentials, the suppression of the competing dihydrogen 
evolution process appears to be possible. A catalytic reduction process may be 
optimised by judicial choice of proton concentration, olefin concentration, catalyst 
amount, and applied potential. In future, the presence on co-binder at the TiO2 surface 
may be employed to control the selectivity of the reduction process or to introduce 
chirality. However, more experimental work will be required to further improve the 
fundamental knowledge on electrochemical TiO2 surface processes. 
 
 
 11 
4. Conclusions 
It has been shown that voltammetric experiments with mono-layer films of TiO2 
(anatase) nanoparticles at boron-doped diamond electrodes surfaces give insights into 
oxide surface processes, the type and availability of binding sites, and the reactivity 
and the mechanism of surface processes. Boron-doped diamond is a versatile and 
highly beneficial substrate material and there may be real benefits (in terms of 
efficiency and selectivity of electron transfer processes) in employing very thin films 
of nanoparticles on boron-doped diamond substrates. In situ STM imaging in an 
aqueous environment has been demonstrated and this technique could in future yield 
much more detailed in situ information about the surface processes. More 
experimental work for example with more uniform TiO2 materials will be required to 
improve the fundamental understanding of surface electrochemical processes at TiO2 
surfaces and at similar oxide electrode surfaces. 
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Captions to Figures 
Scheme 1 
Schematic drawing of an active nanoparticle deposit immobilised at an inert boron-
doped diamond electrode surface. 
 
Scheme 2 
Schematic drawing of the TiO2 surface with binding sites for protons (A) and for 
maleic acid (B). 
 
Figure 1 
FEGSEM image of a deposit of TiO2 nanoparticles (agglomerates of 10-40 nm 
diameter) on a boron-doped diamond substrate. 
 
Figure 2 
STM images of (A) a clean boron-doped diamond surface and (B) after deposition of 
TiO2 nanoparticles. Images were obtained in the presence of aqueous 12 M LiCl to 
improve conductivity. 
 
Figure 3 
Cyclic voltammograms obtained for the reduction of a mono-layer deposit of TiO2 
nanoparticles at a 5 mm × 5 mm boron-doped diamond plate electrode (A) immersed 
in aqueous 0.1 M phosphate buffer pH 7 with variable reversal potential (scan rate 
100 mV s-1), (B) immersed in aqueous 0.1 M NaClO4/ 1 mM HClO4 with variable 
reversal potential (scan rate 100 mV s-1), (C) immersed in aqueous 0.1 M NaClO4/ 0.5 
mM HClO4 with variable scan rate of (i) 100, (ii) 200, (iii) 500, (iv) 1000 mV s-1, (D) 
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immersed in aqueous 0.1 M NaClO4/ 0.1 mM HClO4 with variable scan rate of (i) 
100, (ii) 200, (iii) 500, (iv) 1000 mV s-1, and (E) immersed in aqueous 0.1 M NaClO4/ 
1 mM HClO4 (i) with 1 mM maleic acid and in (ii) with 1 mM phytic acid added 
(scan rate 100 mV s-1). 
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